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PREFACE

This technical report covers the research performed under
Contract No. F33615-77-C-1002 from 1 October 1976 to 30 September 1977.

The contract is with the Physics Department with Professor P. E.
Wigen as co-principal investigator and the Electrical Engineering
Department with Professor K. J. Breeding as co-pri ncipal investigator.
Both departments are located at The Ohio State University . The thrust
of the work was Epitaxial Magnetic Film Evaluation Techniques, and
is conducted under the direction of Dr. Millard Mier, AFAL/DHR,
Avionics Laboratory, Wright-Patterson Air Force Base, Ohio.

J. P. Omaggio and M. P. Globe were involved in this program at
the Avionics Laboratory, A. A. Parker and P. Lemaye were involved in
this program at the Physics Department, OSU and H. K. Brown and
R. ThienUkit were involved in this program at the Electrical Engineering
Department, OSU.
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SECTION I

MATERIALS RESEARCH

A. Av ionics Laboratory
3

1. M-H Looper

The characterization of the static properties of a magnetic
bubble material traditionally consists of three parameters, the
film thickness , h, the stripewidth W, at zero appl ied field and the
bubbl e collapse field , H . All other static parameters can be
calculated from these three terms. These include the saturation
magnetization , the domain wall energy, characteristics length and
others. Ordinarily, the stri pewidth and collapse field measurement~are done optically with a microscope. As bubble sizes decrease, the
difficulty in these measurements increases.

The measurement of the hysteresis loop of a magnetic material
provides an alternative method for obtaining material parameters.
In the hysteresis loop the initial susceptibility X0 E (dM/dH)m=o
and stripe collapse field are quantities measured .

Fr?m the stripe domain stability conditions developed by Kooy
and Enz , the relationship between the film magnetization and the
appl ied magnetic field is given as:

4irM-H + sin ~rn (1+ f) {l-exp (-2irna)]= 0 (1)

where M is the net magnetization of the film , M5 is the saturation
magnetizatiqn , H is the applied field , h is the f un thickness ,

E 1 + 2irM~/Ku, o h,/~ / (di+d2), d1 is the stripe width for domains
with ~ in the direction of H and d2 is for domains with M In theopposite direction . This equation assumes a film of infinite area
with straight domains. The domain wall energy can be related to the
magneti zation by the equation ;

on

ow l + / ~T 1 V~~~l 2 f n ~ M
~ ~ / —v— sin L (1 — 

~
—) X

(4M 5) h~~ 2~1T 4w a ~~~ ‘fl 2 5

n=l (2)

[i-n + 2irflcz)exp (-2wna)}

If the inlaxial anistropy field is large compared to 4ittls and ii=l ,
the above equations reduced to~

— 1— 
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+ sin [n~ (1 + *~J 1l-exp(~~*~~)] = (3)

and
on 

2f1.J~3.L\ 
,,

2 . J~~ ~) / ~~I ~j
A sin k ~.A — u 

_______________________ ~~flir
~l - e x p(

I T h  n
n=l (4)

(1+ 2flhrh
)]

where d d1 + d2 and A is the material length length (E 0w/4nM~).
From equ. 3 the initial susceptibility is calculated

4~~o 
1 (5)

1 
~~~~~~~~~~~~~~~~~~ 

(-i) ’
~ Ii - exp ( _lfflh

))

where W d/2 The relation between x0 and W/h can be graphed or
tabulated and if X0 is measured W/h can be determined.~ Similarly,
using equ. 4, X0 and A/h can be related. Using Thiele ’s conditions
for bubble stability~ graphs of 4nM5 againist stripe collapse fiel dcan be drawn. If an independent measurement of h is made, W and 4nM5are determined.

A typical hysterisis loop for a 2im magnetic bubble material
from Texas Instruments appears is Figure 1. Thi s loop was obtained
from a vibrating sample magnetometer with a appled fleld perpendicular
to the film plane. The constant slope after saturation is due to the
paramagnetic Gadi linium Gallium Garnet substrate, the susceptibility
of which serves as a standard for calibration . The slight increase
in slope just before saturation (about 200 grams) is caused by stripe
col lapse.

The looper used by Maartense et. al~ displays a derivative ofthe hysterisis loop. A typical loop 3derivative appears in Figure2. The constant susceptibility of G acts as a calibration as
an offset horizontal line after saturation.

The hysterisis loop of a hypotheical ferromagnetic material
appears in Figure 3. The basic loop ABCD occurs only if the applied
fiel d is raised monotonically to saturation in one direction and then
reversed producing a complete cycle. If however, the field is

-2-
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stopped at point E and reversed, the magnetization will not retrace
its original path.5 If the D.C. field is kept at E and a small D.C.
field is imposed , the magnetization will oscillate along EFE. Some
hysteresis devices~ employ a variable D.C. field with a small A .C.component. The strength of the signal is proportional to the slope
of EFE and the rnagnetude of the signal will be consistantly low. The
extent of the error will depend on the coercivity of the material .

The M-H looper built in this laboratory oscillates through the
ful l cycle to eliminate the minor loop problems associated wi th an
A .C. modulation technique .

To eliminate the minor l oop probl ems associated with an A.C .
modulation technique , one of the contract’s objectives is the
development of an automated full cycle hysterisis loop tracer or
“M-H looper” Thubble-type~ garnet wafers.

The principle of operation of the “M-H 1ooper~ is to place a
sample in an alternating magnetic drive field , 1~ = H0 sin wt,
and by using a small pickup coil placed in close proximity to the
sample , measure the sample magnetization as a function of the
applied magnetic field. Figure 4 is a block diagram of
this system includin g sample positioning and pickup coil placement
Since the change in the magnetic flux linkage th1ough the sampl e
pickup coil will be dominated by the changes in H0 rather than the
change in the sample magnetization a second “compensation ” pickup
coil is required . This second coil is placed in a location such that
the changes in ]

~i~ 
can be monitered while the change in the sample

magnetization wiTi have a negligible effect on the induced voltages
in this coil. The signal from the compensation coil Vcomp Ct) is
amplified and subtracted from the sample pickup coil signal Vsample (t)
such that Vm (tj E V$amDle(t) - Vcomp (t~ 

= 0 when no sample is present.
Thus when a sample is present Vm (t) is directly proportional to the
first derivative of the sample magnetization with respect to time ,
i .e. Vm Ct )  = const dF~(t). By electronically integrating Vm (t )

~
and plotting this ~ s~~tant signal as a function of H~(t) ahysterisis loop curve is obtained for the sample. This system can
then be calibrated by the use of known standard samples .

A large portion of the first year has been spent developing
the basic subsystems for a non-automated prototype device shown in
Figure 5. This system should be fully operational in the near future.
The major subsystems constructed during this year are : the applied
magnetic field drive coils , the sample holder assembly, signal
pickup and compensation coils , and system electronics. Some design
factors are included in the Appendix I.

6 
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a. Drive coils
In order to obtain the complete hysterisis curve of a ferromagnetic
sample , a reversable magnetic field with sufficient intensity to
magnetically saturate the sample is required. For typical bubble
material films , Hco1jQ p5~ is on the order of 200 gauss thus it isdesired to have a maximum field intensity of at least 400 gauss.
Furthermore, it is desireable that the applied magnetic field be

5 very homogenous. The required AC magnetic field is produced by
driving a set of Helmholtz coils wi th a Kepco 15-20 M bipolor
operational ampl i fier power supply. The coils have 300 turns
of # 14 gauge copper wi re and are potted with stycast # 1266
heat conducting epoxy to help eliminate vibration within the coils.
A photograph of the drive coils is shown in Figure 6. Further
design consideration are included in appendix I.

In the actual installati on the drive coils form part of a tuned
series RLC circuit. The impe~ance of this circuit is given by:
I zi = R~ + (wL - l/wC)2} ~ 2 where w is the radical frequency
of the drive field , L is the inductance of the coils , and C is
the value of the tuning capacitors . For operation at 280 Hz,
the minimum impedance occurs for a capacitance of approximately
70 1.if. In order to facillitate tuning and to allow for operation
over a ran ge of frequenc ies , a capacitance bank consisting of
switch selectable parallel capacitors has also been constructed.

The current through the coils , and thus the AC magnetic field ,
i. monitered by the AC voltage drop across a 100W, 0.025cz, 1%
current shuntconnected in series with the coils. The current to
magneticfield strength calibration was then performed under DC
conditions using a Hall effect gaussmeter. The results of this
calibration and the AC chardcteristics of these coils are given
in Tables I and II respectively. While the homogeniety of these
coils was not measured experimentally, a programs incl uded in
appendix l,waswritten for a H-P 9820 calculator . The result
indicates that field inhomogenieties should be less than 1%
across the surface of a 2” diameterwafer sample located at the
centeral plane of the coils.

b. Sample mounting system
The curren t samp le mount ing system shown in F ig ure 7 was des igned
for use with 1” diameter wafers. This unit , constructed from
teflon, has a 1” diameter recess in which the sample is firmly
held. With this holder mounted on a precision X—Y translation
stage, it is possible to achieve accurate and repeatable sample
positioning. Furthermore, the X-Y translation stage allows
homogeniety studies to be done on any wafer if desired . Design
drawings are included in Appendix I

9
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TABLE 1

DRIVE COILS: DC CHARACTERISTICS

I (Am9s) H (oe.) System Resistance (Coils in Parallel )
1 26. 1 

R = .7c2

10 

51.3

12 291

14 338

16 386

18 434

20 484

12
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TABLE 2

DRIVE COILS: AC CHARACTERISTICS (LEXAN)

f( Hz)  C(~f) ICAMPS) Rsense Vsence Vpower Reff
213 100 52 .05 2.6 f 10 .54

238 80 52 .05 2.6 10 .54
6 273 60 51 .05 2.55 10 .55

299 50 51 .05 2.55 10 .55

312 45 51 .05 2.55 10 .55

475 18 56 .025 1.4 15 .66

650 11 56 .025 1.4 15 .75

900 5 35 .05 1.7 10 .8

I = Current through coil system (Peak-Peak)

V = Power Supply Voltage (RMS)

%ence = Voltage Across Sense Resister Network (Peak-Peak)

Reff %t,owef.

13 
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c. P icku p co i ls *

The pickup coils are each wound with 100 turns of ~ 34 gaugecopper wire on deirin forms shown in Appendix II. The sample
pickup coil is located on the Helmboltz coil axis and approxi-
mately 2 nun from the sample. For this coil to sample separation ,
it is estimated that the induced voltage signa l due to the
sample will be on the order of .2mV. Further details are given
in Appendix I. The voltage signal due to the changing drive
fiel d is known to be on the order of 20 my. Thus a second “com-
pensation ” pickup coil is required positioned as shown in Figure 5.
This coil will provide a signal to nul l out the unwanted 20 mV
signal due to the changing dri ve field HD. To date it has been
possible to null out this signal to less than .2 my P-P, however ,
this is not sufficient as the expected signal due to changes
in the sample magnetization is of the same order of magnitude .
It is probable that by improving the rigidity of the drive coils
and pickup coil mount supports the background signal null can
be improved greatly. Work towards this goal is currently under-
way and should be completed in the near future.

d. System electronics

In order to nul l out the backround signal due to Hp(+) a multiarm
compensation bridge has been constructed. This bridge , originally
designed by Huber6 for use in M—H loopers , has several branches
which can be adjusted to null out the fundamental and higher
order harmonic signals from the pickup coils. This bridge circuit
along with the amplifying and integrating circuit is shown in
Figure 8.

14 
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2. Ferromagnetic Resonance

The second project undertaken at the Avionics Laboratory during
the last year has been the development of a Ferromagnetic Resonance
(FMR) Spectrometer for use with full size (uncut) LPE magnetic bubble
garnet wafers. For this type of material and with the static
magnetic field applied parallel to the film normal , the ferromagnetic
resonance condition is given by

~~~~~~ 
Ha - (4itM-H~

).

Here w is the nadial microwave frequency, i is the gyromagnetic
ratio , Ha is the applied magnetic field intensity , M is the sample
magnetization , and l

~
l
~ 

is the effective uniaxia l anisotropy field. If
measurements are made at two different frequencies both y and
(4.nM..H

~
) can be accurately determined. Furthermore, M can be measure d

by other techniques such as a vi brating sample magnetometer or an
M-H looper , and therefore H~ can be accurately determined .

The normal FMR technique requires cutting a small sample out of
the wafer and subsequently placing this sample inside a microwave
cavity . From an industrial viewpoint this method is highly
undesirable since it is time consumi ng and it is also a destructive
testing technique as the wafer can no longer be processed using
automated equipment. Therefore, an FMR Spectrometer which allow s
the use of full LPE garnet wafers has been developed .

In this system the wafer is mounted in a stress free manner
on the outside of a rectangularmicrowave cavity. The side wall
against which the sample is placed has a 0.0625” hole located in the
center and -is 0.010” thick. Detailed design drawings appear in
Appendix I . This system then allows a full wafer to be characterized
without the damage and also allows for rapid sample changes. A
typical spectra from a YIG wafer using this system is shown in
Figure 9.

Misc.
In addition to the main projects, the OSU personne l were

invol ved in a minor way in the master ’s projects of Capt. R. Eiles
and Capt. R. McDonald concerning his Spatual Fi l tering experiment.
Also microscope coils were designed for Eiles bubble mobility
exper iment.
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1. Spinwave Scattering: Theory

With the observation of an absorption of microwaves in
unsaturated magnetic bubbles rnaterials 7’8 the origin of the
absorption has been a focal point of considerable effort -in our
laboratory. The analysis of the data is consistent with the
absorption of microwave energy by the symmetric norma l mode of
unbound nature for the condition w/y > H~ in a bubble film
containing stripes .

The work reported here is an extention of a paper submi tted
for publication 9 elsewhere and discussed in a s~ries of lecturesat the Enrico Fermi Summer School of Physics .’

In general , the equation of motion for the magnetization ,
neglecting loss terms, can be written as

(6)
Y 

~ 0

where the first term on the right hand side is the torque acting on
magnetization due to causes other than exhanqe , such as applied
magnetic field , crystaline and growth induced anistropy , and magneto—
static effects. The second term is due to the exchange interaction
between spins. The bulk torque term can be written as

(7)

Here Eb is the bulk energy density excluding exchange effects. To
find solutions to Eq. 6, a spherical coordinate system is used , with
the r direction varying so as to lie everywhere parallel to the
equilibrium magnetization as shown in Figure 10. In this coordinate
system the total magnetization can be written as

~ (y,t) = M0~ (y ) + me(y,t) ~(y) + m+(y,t) (y) (8)

and

2~i - 
9 2M (9)

18 
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Figure 10. Coordinate system used in derivation of equation of
motion for a spin wave In a domain wall.
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Using standard mathematical techniques , the derivitives of the unit
vectors are

r = e~e + $ sineq~

= —e~r + ~ cose ~ (10)

4 = 4, siner — 4, C0500

where primes denote differentiation wi th respect to y.

Assuming that the wall is a Bloch wail and the presence of a
uniaxial anisotropy energy density of the form -“

Eb = Ku sin2e cos24, (11)

allows the calculation of the equilibrium configuration of the
magneti zation and the derivation of the equation of motion of the
magnetization . For this form of the energy density the torque
becomes

= Ebq/sine ~ - E~~ ~ 

(12)

where E~ ~E
b/a~ and so on.

Since the domain wall is assumed to be a Bloch wall , 4 = = ~”=0.
Under these conditions, to first order in me and rn4, the transverse
components of the magnetization are

X V~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (13)

To find the equilibri um condition , only terms to zeroth order in
m0 and m4 need to be considered , and Eq. 13 reduces to

x V 2M = M~ ~~~~~~~~ 
(14)

For the static case, the equation of motion becomes

4b~~~i~~~~x v 2~ (14)
0

20
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The a component of this equation is identically equal to zero and the
4, component becomes

-2K
~~

si n e c o s e = 2 A e . (16)

The solution to this equation is the Gudermannian function

= gd (
~

) = 2 tan~~(e~) - ~/2 , (17)

where n = ~~~~~~ and is shown in Figure 11 .

Due to small deviations of the magnetization from its equilibri um
configuration , additional terms must be included in the torque. These
terms will be of the form

ô1b = _
~~ _ x6vE b (18)

The first term is

x vEb = ~~~~~~~~~~~~~~ . (19)

Since M06e = m0 and M06 = m 4,/sinO the second term is

x ~vE~ 
1 
[{m 4

(E~ cote + E~4, csc 2 e) + mo (E~4,csce-E~cotecsce).}~ (20)

- {n1e E
~ e + m 4 (E~ 4csco-E~ c o te ) }4

Making use of these additional terms and of the equilibrium condition
of Eq. 16 to first order in m0 and rn4, the equation of motion becomes

. = E~ csce + 
~~ [m4(~~ cote + E~4, csc 2e)+m0(E~ cscecote]

(21 )

A( (e~ )2 m++ m4,~~)

= 

~L [_meE~e + rn4 (E~ cote csce-E~4csceJ + m0

21 
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For a unlaxial anisotropv energy density for the form given in
Eq.lI , the derivitive terms are

E~ = 2K u sin e COSO ,

= 0,
(22)

= 0,

E~6 =—2K ~ cos 2e

= 2Ku sin 2e

Substituting these into Eq. 21, converting to the dimensionless
variable tI and using the fact that e = 

~-gd(n) = sech ~ gives

I -~~~~~~~. = 
~~ (1-cos 2e-sech2 n) m,- •

and (23)

I . = ti [cos 20m0+m,]

where dots denote differ~n~iation with respect to n. Assuming a timedependence of the form e ~ these equations reduce to the form

= ~
.._[(1.cos 2 o — sech2 ii)m4 -

(24)
rn
4 ~~~

— t cos 2o m0 + me)
wherc ~ - These °quatlons can de decoupled by differentiating

2yK~the second and substituting It into the fi rst , giving

= a(n,e) m0 + b(~,e) ,~,e + c(n, 0)~0 (25)
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where

a(ri,e) = sin2ecos 20 + 3 cos 2e sech2n + sin 2 2e + Q2

= 4 sin 28 sech ~ 
(26)

c(n,e) = sin 2 e - sech2 i~ - cos 20

The functional form of these coefficients is shown in Figure 12
For large values of n, the coefficients become constants and solution of
of the form ekn can be assumed. In this case, the allowed values for
the wave vector k are

K- = 1+~1,2 (27)
=

There are two distinct types of solution for m9, depending on the
value of Q. For the case t~ > 1 , k3 and k4 are imaginary, giving
rise to ocillitory components in mQ. In this case the ki and k2
terms do not contribute since one is negligible for large values
of r~ and the other is unbounded and therefore unphysical. For
the case ci<1 , all four foots are real; two of the terms are very
small and two unbounded and therefore cannot contribute to the
solution . The solution for the transverse magnetization is a
solution which is nonzero only near the center of the wall.

There are then two types of solution to Eq. 25 in different
regions of the excitation frequency. For ci .l , the domain wall
wou ld act as a source of traveling spinwaves . For ci<l , the
solution would be a spinwave mode localized in the domain wall
and decaying to zero ampl itude outside the wall , a bound spinwave
exitation.

In the cise c~>l , Eq. 25 can be solved numerically, provided thevalues of m and its derivitives are known at some initial point.
Since only ~o1utions which have a net magnetic dipole moment areexperimentally observable, any solution of Interest will be symetric
about the center of the wall. A Runge-Kutta method was used to obtain
solutions for the transverse magnetization for a variety of frequencies,
starting at the center of the wall and working outwards. The syninetry
condition requires that the first and third derivitives of m0 be equal
to zero at ,

~ 
= 0. The value of rn8 at the origin can be arbitrary,since it determines the amplitude of the spinwave. In this work ,

the value of the second derivitive of m0 at the origin was found by
tr ial an d error , varying ~ñ0(0) until oscilations of equal positive
and negative ampl i tude were found in regions far from the center
of the wall. The results of these calculations are shown In

24
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m1(0)=l ; rñ1(0)=O
(31)

m2(0)=0; m2(0)l

By using the known assymptotic values of k1 and k3, using the values
of m 1 an d m2 at two different values of r~, the values of the coefficients
~ and ~ which generate the solutions m 1 an d m2 can be calculated. The
bounded solution m0 is then a linear combination of the two unbounded
solutions

m0 = m 1 + xm2 (32)

Requiring m0 to be zero for large values of i~ is equival ent torequiring

+ xcz~ = 0

(3~)

Rearrangi ng, this requirement becomes

X =

(34)
= - 

~2~ 1 = 0

Thus, the allowed values of ~ can be approximated by calculating Pas a function of c~ and finding the regions where g crosses zero.The result of this calculation , as presented in Figure 15, show that
in this approx imation, no bound states are predicted.

29 
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2. Spinwa ve Scattering: Experiment

The use of magnetic resonance for measurement of the bubble
collapse field, H~0i, and bubble stripout field, H~~, has been
reported 7 8~

During a systematic investigation of the ferromagnetic resonance
absorption characteristics of magnetic bubble materials , a low—field
change in microwave susceptibility was observed as shown In Figure
16. The shift was found to be repeatable but to depend on whether
the magnetic fiel d was decreasing or increasing . The shifts in the
susceptibility were found to be correlated with the bubble collapse
field or stripe collapse fiel d for increasing field sweep and the
bubble strip-out field for decreasing field sweep.

A standard X-band microwave spectrometer operating at 9.52
GHz was used for these measurements . The high-field ferromagnetic
resonance spectrum was observed from(l ll) oriented films in one of
two conditions. The internal fie1d ,H1~~, determined when themagnetization is normal to the film surface (out-of-plane resonance)
is composed of the induced anistropy field , Hu, the cubic anistropy
field, HK, and the demagnetization field , Hd = -4irMs, i.e. H1~t 

= Hu +
- 4irMs . If w/y, where y Is the gyromagnetic ratio , is greater

than Hi ~
., one line was observed in the out-of-plane resonance

orienta~1on and another was observed for the in-plane resonanceorientation. In those films for which w/y was less than Hint,
an out-of-plane resonance was not observed while two modes were
observed in the in-plane resonance orientation.

In addition to the high field ferromagnetic resonance lines ,
a change in mic rowave susceptibility was also observed at low fields
for the magnetic field in the out-of-plane orientation. Operating
the spectrometer in the derivative presentation mode, this change
in microwave susceptibility appeared as a peak with a distinctive
nonresonance shape for up-field and down-field sweeps . The intensity
of these signals is two to three orders of magnitude weaker than the
high-field ferromagnetic resonance signals. Figure 16 is the spectra
obtained for a sample having stripe domains as the Initial state
at zero field. The presence of the peak at the high field end
of the sweep is very dependent on the magnetic field modulation
ampl itude. The position of the high field cut-off is observed to
increase with increased modulation amplitude and at large amplitude
modulation it also tends to wash out the characteristic differences
in the stripe collapse and stripout field values.

Figure 17 is the spectra obtained for a sample having a bubble
lattice as the initial state at zero field with the bubble diameter
decreasing with increasing field. This condition was created by
applying a large (5000 Oe) field in the plane of the film and reducing
it to zero. In bubble samples , the enhanced peak characteristic of
stripe collapse is not present and the disappearance of the absorption
is observed to occur at higher fields . As the magnetic field is
reduced , the characteristic signal associated with stripe formation
is observed.
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Figure 16. The microwave signa l observed in a magnetic bubble materialwhen the starting configuration is that of stripes in thesample. The absorption is strongly dependent on the modu-lation amplitude.
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Figure 18 is the spectra obtained from a sample having a
bubble lattice as the initial state but with the magnetic field
applied in such a direction as to increase the bubble diameter.
The signal does not have the characteristic peak of the stripe
collapse spectra but the collapse field is the same as that
observed for the stripe collapse field.

Using these characteristic features, it is possible to
quant itat ively eva luate the stripe coll apse , bubble collapse
and strip-out fields for magnetic bubble materials at the out-of-
plane orientation , as a function of the angle of the applied fiel d
and as a function of the temperature.

The angular dependence of these data are shown in Figures
19. F I g u r e 20 shows the temperature dependence of the
str ipe collapse field at the out-of-plane magnetic field
orientation over the temperature range -60°C to +130°C on a
sample of VSmLuCaFeGe garnet. Taking these data at 100C
increments required less than an hour.

These data were independently compared wi th results from a
vibrating sample magnetometer and standard microscopic magneto-
optica l collapse field measurements. Figure 19 compares the
angle dependence of the VSM measurements with the microwave
results . Tabl e III compares magneto-optical ,VSM, and perpendicua lr
low—field peak measurements on a number of bubble material samples .
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Figure 18. Microwave signal in a magnetic bubble material whose initial
configuration is bubble domains. Bubble size increases with
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37

I~.



x c~
j 0 0 ~~

• U, 0 U) 14)U) I I ,- ,- C~sj ~~ 03 01p~. (Y~ ~~ ~~
. 

~~

a-)o aj
>

.1~~ ~~ 0 0 03 0 0 0 14) It) 0 0o U) N. 04 r— CJ ~~
. ~~. 0 ~~F- 5- r I— CV) .

~~ , r . r .—p . I— uU) 0~’—
~~ u~

LU

U,
cC
LU

o ~~ N. C\I 0 0 14) 
~~ ~~ U) U)0 .~~ (V) ~~. It) 0 C’~J C’-J (Y) C.4 N-.4-) r — (V) , — . — C.4

0

LU
U)
01.
cC
-J
_J wo 0 0 0 0 00 00  14) 0 U) 0 0 0L) 0 ,- c~J 00 0  U) (S4 C’.) 0 0 003 0. C’J 014) ~~- U) ,— ‘— 0-i c~.J N. 03.

~~ .— C’.) ~~ CV) U, ~~ U) ~~ .~~ CV) ~~- C’) (Y)
4..) cC
LU 0
-J ~~03
cC

a-I
0 0 0 0 0 U) 0 0 0

~~ X 0 0 N-. I I 0 0 0 0
~~ C It) U) 03 CD N. 0 ~~- It)cC .,- .— I.- •~~ C~.J ,— C’J C’.)
(I)
C)
I-
I-
U)

0LU
I— Z ~~ 0 0 0 0 0 0 0 0 14) 0 0C.) U) 03 0 CV) 444 14) i 0 CV)cC 

~ (D C’.) C’.) C’.) It) 10 C’.) C’.) C’.) C’.) ~~ C.)
cC C

-J

114 a.’_I UI W 0) U. U 0) 0) 0) a) 0) 0)03 +‘ U.. U L~. U~ L&. IL. i.&.03 0) 0) 0) 0 va a 0) 0)
~~ 0) CD (D u~ CD C~c •~~o U) 4/) i~ C.) C.) C.) C.) C) C.)

I~ C~) ..J ..4
C C) C-) -J .~J _.J ..J _.l ~ Jo ~ C E C E C C CC.) LU Ia.) (/~ V, U, U) U) U)

>- >- >- >- >- >. >- >- >- >- >-

C — 10 C’.’ C’.) ~~ 0 a-i a-i
I- C’..) ~~ 0-i C’.) 0’. 0’. 0 0 4” 0 C’.).- ~~ ‘.0 ‘.0 0-. 10 N. 03 4’) 4’.) 4’.)IL. In U) U, ~~ 14) It) It) >- >-

38

- . -.~~~~~~~~ —~~~~~~~- -~~~~-~~~~~~~ -- .  . --~~~~~~~~~
— - .--



3. Radio Frequency Effects in Bubble Materials

In addition to the microwave absorption experiment, absorption
was also observed at radio frequencies near 15 MHz as shown in
Fig. 21. These signals are observed to have very complex frequency
and angular dependences which are not well understood at this time .

To study these effects in more detail , a RF spectrometer was
developed over the past year.

The RF spectrometer is diagramed in Fig. 22. The heart of this
system is the hybrid magic tee . This four port device operates as
follows: whenever the impedance of the two side arms (C & 0) are
matched , the opposite arms (A & D) are isolated from each other. In
theory this isolation is complete , but in practical devices this
ideal limit is not attained; the maximum isolation in the hybrids
used is 35-40 dB. If the impedance at the two side arms are not
nld tched , the Isolation decreases with the degree of mismatch until there
is only a very small insertion loss (typically 1 dB)is present. In actual
operation , the system is adjusted so that there is no power absorption
by the sample and the impedance matching network of the sample probe
is then adjusted to precisly match the impedance of the probe to the
50c2 dumy load on the other side arm. Then , if the impedance of the
probe should change by an amount 5Z , an additional vol tage

= ½6Z vo/ R 0 will appear at the output port of the magic tee. Here
R0 is the characteristic impedance of the system and V 0 is the voltage
at the input port of the hybrid.”

A variety of sample probes are useable with this system . At
relatively low frequencies , a coil can be used to couple the RE
field to the sample. At higher frequencies, the parasitic capacitance
of the ~oil limits its utility and a R-F cavity must be used . If
an untuned system is desired , a suitably constructed helical trans-
mission line can be used to couple to the sample.

Up to this point in time , only coils have been used. The
equivilent circuit for a coil type probe is shown in Fig. 23. C5
is the shunt capacitance present in the system, consisting of the
capacitance of the coil itself and the capacitance of the cable
connecting the coil to the matching network . C, primarily adjusts
the resonance frequency of the coil and C2 adjusts the impedance
looking into the network. These capacitors are low loss ceramic
trimmer capacitors in parallel wi th silver mica fixed capacitors.
They are mounted rigidly in a box milled out of a solid block of
aluminum to minimize microphonics. The box is mounted at the
end of a rigid low capacitance coaxial cable with locking coaxial
connectors . The cabl e , constructed from copper pipe wi th an I .D.
of 7/8” and a center conductor of 1/ 16” brass rod centered wi th
nylon spacers, has a capacitance of 9.5 pF.
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Using standard circuit theory) the impedance match condition is

Z0/Qw L = [ci/(c i + C2)’)2 (35)

and the resonance condition is

C,C2 1C + C,+C2 
= 2E (36)

where Q and I are the Q factor and inductance of the coil respectively.
These condit ion lead to

C 1 = (~~ - C)/ (l-a)

and (37)

C2 = (-4 - - C)/a

These equations can also be inverted to give

L = b/w2

and Q = Zo /( C1 )2b (38)
C’+C2

where b = C ,+ c 2/ (C ,C2 + C,C + C2C)

Usua l operating procedure to measure L and Q (using a Boonton
260A Q meter), measure C, the capcitance of the probe, (using a ECD
model 100 C meter), and use Eq. 37 to calculate the appropriate values
for C, and C2. The matching network is then adjusted to these values ,
using the C meter to verify the values of C, an d C2. The system is
then powered and a spectrum anylizer is used to monitor the output
from the bridge as the frequency is varied . When the frequency of
the source matches the tuning of the probe, the power output drops.
C1 and C2 are now adjusted to tune the probe to the proper frequency
and to optimi ze the impedance match. Once a good match is attained ,
Eqn . 38 can be used to calculate more exact values for Q and L.
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The output signal from the magic tee is amplified and then fed
to the double balanced mixer. Since the overall system noise is
primarily determined by the noise performance of this amplifier , the
use of a low noise amplifier is important. Since the two inputs to
the mixer are the same frequency, their difference frequency present
at the output port is a DC level proportional to the relative
ampl i tude and phase of the two input signals. The phase shifter in the
LO branch allows the observation of either the real or imaginary part
of the susceptibility . The bias field is modulated and a lockin
amplifier is used to measure the resultant modulated signal at the
output of the mixer. The output of the lockin is fed to the V axis
of an X-Y recorder and also to a DVM. The X axis field sweep drive
for the X-Y recorder comes from a hail effect gaussmeter whose probe
is located as near to the sample as possible. A Typical spectra is shown
in Fig. 24.

The use of phase sensitive detection results in the derivitives of the
power absorption appearing at the output of the lockin. Since the
information desired is the susceptibility , which is proportional to
the power absorbed , it is desirable to integrate the signal. This
is accomplished by digitizing the signal , storing it in a programable
calculator , and then numerically intergrating it. Programs have been
written to acquire the data , remove baseline drift, and intergrate the
data .

In addition to the RE spectrometer just described , a vibrating
sample magnetometer is used to measure the DC susceptibility of the
samples . In this instrument , the sample whose moment is to be measured
is mounted on a rod and suspended between the pole pieces of the
magnet between a pair of pickup coils mounted on the magnet pole
pieces , as illustrated in Fig. 25. The other end of the sample rod is
connected to a vibrating head mounted above the magnet. When the
sample and rod are vibrated , any moment in the sample induces a signal
in the pickup coils.

Since the output of the magnetometer is the magnetic moment as
a function of f i e ld , it is necessary to differentiate this signal to
obtain the susceptibility. This is done by digitizing the signal ,
using the same arrangement used wi th the RF spectrometer, and numerically
smoothing and differentiating the stored data .
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Testing Program

The testing program was begun May 23, 1977. Through the
period ending December 30, 1977 the majority of the work carried
out was directed at setting up facilities, surveying the available
literature , and planning directions to be taken in the research.

An engineer was hired (J. Slivinski ) in June whose primary
responsibility was to set up laboratory and electronic shop facilities
to aid in both the materials and testing work. In addition , con tacts
were made with other groups at Wright Field whose facilities might
also be of value in this work (Stu Cuniiiins).

Orders were placed for the various items needed to set up the
shop and laboratory. Most of this equipment arrived by the end
of September including a TI TRM 0103 92K bubble memory system.
Unfortunately this system was not completed by the end of the period
due to the slow arrival of some critical components. In addition
the design of the memory controller was significantly slowed down
due to the resignation of the engineer in August who took a job
at a higher salary elsewhere. A Graduate student at OSU (R. lele)
has recently been found to continue this work . He will begin in
December. Al so the responsibility for help in the electronics
shop has been partially filled by another Graduate student (H. Brown)
who began work in October.

The main work carried out at OSU during this period invol ved
setting up research directions. A few papers were found which
descri bed computer controlled testing facilities for bubble memories.
Such systems are quite adequate for small scale memories but for the
characterization of very large (10~ and above) memories the run timebecomes quite prohibitive. The obvious difficulty here is the
lack of parallel access to the chips. Specifically, if the chip had
multiple bubble detectors then the testing time could be
reduced by a factor proportional to the number of detectors available.
It is j ust not practical to put several magnitoresistive bubble
detectors on a chip, due to the very large areas invol ved. Because
of these and other factors a two step aoproach was proposed.

There appear to be two major error machanisms in bubble memories.
One is due to the faults in the permalloy and conductors overl ays and
the other is due to faults in the crystalline substrate . Techniques
have been described in the literature for detecting faulty crystal-
line structures. The problem of checking the overlay patterns ,
however, is not well understood. The proposal here, then , involves
techniques for checking this overl ay. In general the technique works
as follows. An image of the bubble memory overl ay pattern is
obtained by some means , having resolution adequate to separate the
various geometries. The chip is first positioned in the field of
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view by locating a bench mark in the upper left hand corner and then
under computer control , it is oriented and magnified to some pre-
specified values. Once this initial positioning and scaling process
is completed the chip is scanned left to right , top to bottom.
The overlay pattern is checked for errors during this scanning process.

The computer controlled positioning process is fairly straight
forward. The magnification is reduced to some low l evel and the
stage (here assume optical imaging via a microscope) is moved in a
regular way until tne chip is located and then is centered in the
field of view. The magnification is increased to near the working
value and then a chip edge is located. By tracking the edge a special
benchmark may be l ocated and used to set the proper magnification
followed by a precise orientation of the chip.

Once the chip is properly positioned , it is possible to move it
so that specific areas are within the field of view . A set of
metrics are then computed for the given field and compared to a
stored known value for that view . If the two sets of numbers are
adequately close the chip is moved to a new pcsition and a new
comparision is performed. This process continues unti l the entire chip
has been scanned.

The research to be carried out over the next year, then , will
invol ve the following:

(1) A study of the requirements on the system resolution ,
(2) Development of the appropriate tracking algorithms ,
(3) An examination and comparison of the effacacy of various

metrics (such as histograms , momen ts, etc.), and
(4) An investigation of special purpose computational structures

for implementing these algorithms .

The above constitutes a first step in the testing of large
scale memories. If a chip is found acceptable via this step it
must be electrically characterized. If a chip is found to have
faults then no time need be expended on testing it further. In
order to perform the electrical characterization in relatively short
period of time parallel access to the chip is essential. Such access
would be used only for the actual characterization of the device and
not for data acquisition in application . One method of attaining
this parallel access is illustrated in Fig. 26 and may be described
as follows . Polarized laser light is directed into grating A so
as to be coupled into the wave guide. The laser light will
experience a faraday rotation as it progogates toward the test
point. At the test point the laser light is turned toward the surface
to the test chip and brought into close proximity of the bubble
domain to be tested. (Note the wave guide must be covered with some
type of material and lapped so the test point is just  under the surface).
If the magnitization of the domain is bucking the external magnetic
field the effects of the faraday rotation will be decreased . Thus ,

F when the laser light is coupled out of the wave guide at grating B,
analyzed and detected it can be determined if there is a magnetic
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domain at the test point. This technique will be extensivelyinvestigated in the coming year. A working model will also beconstructed to demonstrate either the feasibility of infeasibilityof the basic idea.
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APPENDIX

A. HEIMHOLTZ COILS

The drive coils used In the M-H looper are of the Helmhol tz
design. Helmhol tz coils consist of two coils arranged such that
the distance between the coil planes is equal to the mean radius
of the coils. In such an arrangment, the field in the central
portion of the median plane is fairly homogenous.

The components of the field between the coils are given by:’2

H~ 
= ~~~~ [0.44959 (1- 60RZ 3 + 0035907 ( 31b2 - 3ba2 

) r2

(3 cos 2 e—1 ) - 0.06474 -j~-(35 cos ’ o - 30 cos2e + 3)]

and Hx S itsO cose [ _ 0035967(31b2 - 3ba2 
~ 
r~ +

06474 (28 cos2e~l2)J

The definition of r and e and the coo rdinate axes are defined
-in Fig. Al. I is in amps , n is the na of turns in each coil.
R,a ,b, and r are in cm. In the median plane between the
coil , e =~t/2 . In this case;

0 (Hy = 0)

H
~ 

= i~L. [.44959 ~~~~ 60R2 - .0035967 ( 31b2 .-36a2
) 
j~

.

-3(.06474) -j~.)

This equation assumes that the current is distributed uniformly
over the crosssection a ,b. Figures A2 and A3 are a listin
and typical output of a program (for a H—P 9820 calculator
to plot the magnititude of the field in the median plane . The
coordinate r represents the distance from the central point
in the median plane. H ax is the value of the field at the
center. The program ca11culated that for these dimensions ,
H/Hmax = .99 when r = 2.83 cm. Theorectically with these
di mensions, the field should be homogenous to 1% ovpr about
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Figure A-2. Program for HP 9820 calculator used to calculate the
magnetic field of the N-H looper drive coils.
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a 2 inch diameter circle. The dimensions used in this
calculation were those used for the final coils.

B. Magnetic Field Due to a Uniformly Magnetized Thin Film.
The relationship between the magnetization of the sample M,

and the sample magnetic field, H~ is now discussed . The field
due to a volume of magnetization V , external to that volume ,
is given by:

_ _ _  ~ ~~~~~~~~~~~~~“ I  rz r- , —dV r
Js Jv r2

Ihe first intergral is over the boundary surface of the volume.
M is the vol ume ’s specially varying magnetization, r is the
~istance from the point of intergration to the point whereA is being evaluated , and r is a unit vector from the point of
integration to the point of evaluation . The vol ume for a -chin
film is shown in Fig. A4. The point of evaluation is assumed
to be close enough to the plate that z << radius of the plate.
The plate is assumed to be uniformly magnetized and the ends
of the plate are assumed to be far enough away that their
contributions can be neglected. Since v”M 0, the field
is given by

H MdAr I’ MdAr
S —J S~ r~~ Js2 r2

The integral over s1 is performed first. To facilitate the
integration , the integral is broken up into concentric rings
of thickness dx. This is illustrated in Fig. AS. The field
due to all portions of a particular ring is given by

d Hs z = 
~~~~~~~~~ COSO

The planar components from all section of a ring add to zero.
For a ring ;

dA = 2~xdx

coso =
(z 2+x2)½

dH = 
Mz 2irxdx _

Z 
(z2+x2)3/2
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and

Hs1z = J MZ  2’urxdx
0 (z~+x~)~/~

letting

u z2 + x2

du = 2xdx

and

H ! zMwdu
s1z J u3

~
’2

2zMir [u~~) 
Z2

- 2irMH5 1z — + z

Simularly, the surface S2 can be evaluated .

H _ —2-rMs2z -

The total fie ld Is given by:

= 2 rM 
~z+t~~i)

For z >> t (practical placement of the pickup coil demands this)

H 21TMt (Oe.)
z
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IC. Expected Signal Strength

In this section the relative sizes of the emf’s induce d
in the pickup coil are estimated. First the sample signal . It is
assumed for simplicity , that M varies sinosoidally as does the
the drive field. The pickup coil is assumed to be 2 mm from
the sample, have 100 turns and a radius of 2nin. Also assume
that, -

4-riM = 400 gauss

t = 5 x lO-~m

f = 200 Hz

V 5 = —
~~~~~‘ 

._
~-f H.ds

H t2 n M
zz

2wM = 200 sin (2~ft )

= —~~ —
~~~~ 200 (2itf) cos (2’r ft) (i~r~)

When

cos 2’nft = I

‘
~~ 1.3 x 10—6 Stat V I -

= 4OO~~V

The potential due to the drive field is now calculated. For a
400 gauss , peak A.C. field at 200 Hz

H = 400 sin 2irft

Vd —
~~~
. 400w (11r2) (cos wt 1)

The ratio of l.6x102 .
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